Geomagnetic field variations induce telluric currents in pipelines, which modify the electrochemical conditions at the pipe/soil interface, possibly contributing to corrosion of the pipeline steel. Modelling of geomagnetic induction in pipelines can be accomplished by combining several techniques. Starting with geomagnetic field data, the geoelectric fields in the absence of the pipeline were calculated using the surface impedance derived from a layered-Earth conductivity model. The influence of the pipeline on the electric fields was then examined using an infinitely long cylinder (ILC) model. Pipe-to-soil potentials produced by the electric field induced in the pipeline were calculated using a distributed source transmission line (DSTL) model. The geomagnetic induction process is frequency dependent; therefore, the calculations are best performed in the frequency domain, using a Fourier transform to go from the original time domain magnetic data, and an inverse Fourier transform at the end of the process, to obtain the pipe-tosoil potential variation in the time domain. Examples of the model calculations are presented and compared to observations made on a long pipeline in the auroral zone.
Introduction
Space weather produces geomagnetic disturbances that affect a variety of technological systems on the ground (Lanzerotti and Gregori, 1986; . In pipelines the geomagnetic disturbances induce large electric currents (Campbell, 1978; 1980) and changes in the potential of the pipeline with respect to the surrounding soil (Shapka, 1993) . The potential difference between a pipeline and the adjacent Earth strongly influences the electrochemical environment at the pipeline surface, which influences possible corrosion occur-Correspondence to: L. Trichtchenko (ltrichtc@NRCan.gc.ca) rence. Because of this, sacrificial anodes and rectifier units are connected to the pipeline steel to drive it negatively with respect to the surrounding soil. In this process the pipeline becomes the cathode of the circuit, leading to the name "cathodic protection" (Peabody, 2000) . Fluctuations in pipe-tosoil potential difference, produced by geomagnetic disturbances and other causes, change the electrochemical conditions of the pipe, meaning that it is temporarily not protected. There is concern that, over time, this intermittent loss of cathodic protection may contribute to corrosion of the pipeline. The pipe-to-soil potential (PSP) fluctuations also interfere with pipeline surveys, which are made to check the integrity of the cathodic protection on the pipeline (Place and Sneath, 2001) .
For designing cathodic protection for new pipelines and for understanding protection surveys on existing pipelines, it is useful to be able to determine the potential variations that can be expected at different places on a pipeline during geomagnetic disturbances. Figure 1 shows a block diagram of the steps involved in modelling these effects of geomagnetic disturbances on pipelines. Recordings of the geomagnetic variations in the region of the pipeline can be obtained from permanent magnetic observatories or specially installed magnetometers. A forward Fourier transform of the magnetic recordings is used to give the amplitude spectrum of the geomagnetic variations. Multiplying this by the surface impedance, derived from a multi-layer Earth conductivity model, gives the amplitude spectrum of the electric field at the Earth's surface. An infinitely long cylinder (ILC) model of the pipeline is then used to determine how the presence of the pipeline modifies the electric fields in the nearby soil and in the pipe itself. The induced electric field in the pipeline is used as input for a distributed source transmission line (DSTL) model of the pipeline to give the pipe-to-soil potential as a function of distance along the pipeline. Finally, an inverse Fourier transform converts these frequency domain results into the time variations of the pipe-to-soil potential at any location on the pipeline.
In this paper, we describe each step of the modelling pro- cess. Then, using magnetic data from a nearby recording site as an input to the model, calculations of the pipe-tosoil potential variations produced on a real pipeline in the auroral zone were made. The pipeline is 868 km long and extends from Norman Wells to Zama in northern Canada, spanning geomagnetic latitudes from 65 • N to 70 • N. Measurements of the pipe-to-soil potential variations were done in June 1998 as part of an international study of telluric effects on pipelines (Boteler and Trichtchenko, 2000) . A comparison is made between the model results and the observed pipe-to-soil potentials.
Electric fields at the Earth's surface
The electric fields produced by geomagnetic disturbances drive electric currents within the Earth. These induced currents have the effect of shielding the interior of the Earth from the geomagnetic disturbance. The fall-off of the magnetic and electric fields within the Earth is dependent on frequency and on the conductivity structure of the Earth. At the frequencies of geomagnetic field variations, the skin depths within the Earth extend to hundreds of kilometers, and the conductivity of the Earth down to these depths has to be taken into account in calculating the relation between the electric and magnetic fields at the surface. The variation of conductivity with depth within the Earth can be modelled using multiple horizontal layers with a different uniform conductivity, as shown in Fig. 2 , with the last layer as a uniform half-space. For the calculation of the geoelectric field, an assumption also needs to be made about the spatial structure of the source of geomagnetic fluctuations. The period studied (June 1998) was geomagnetically quiet; therefore, we assumed the simplest case of a plane wave, propagating down into the Earth.
We use the geomagnetic coordinate system with axis x north, y east, and z vertically downwards. For the frequency range of 1 s to 24 h and Earth resistivities 1-1000 Ohm-m, displacement currents are small in comparison with conductivity currents. Therefore, electric and magnetic fields in the frequency domain can be given by the diffusion equations
Solutions for each layer have the form
and
where A and R are the amplitude and reflection coefficients k = √ iωµσ is the propagation constant, Z 0 = iωµ/k = √ iωµ/σ is the characteristic impedance (ratio of the electric and magnetic fields for the uniform medium).
For our case, when the magnetic field at the surface of the Earth (first layer) is known from the magnetic observations, the electric field can be obtained from the ratio (impedance) of magnetic and electric fields
The impedance at any layer n can be found by applying the recursion relation for the impedance of an N -layered halfspace (Weaver, 1994, p.293) .
Z n = iωµ 1 − r n e −2k n d n k n 1 + r n e −2k n d n ,
where d n , k n are the thickness and propagation constants of the layer n,
and for the last layer Z n = iωµ/k N . The electric field in the frequency domain was calculated using the layered Earth conductivity model of Ferguson and Odwar (1997) for the northwestern region of Canada where the modelled pipeline is located. The Earth model comprises 7 layers with thicknesses (d) of 0.025, 6, 15, 25, 60, 300 km and an underlying half-space and resistivities (1/σ ) of 50, 20, 5000, 300, 3000, 300 and 10 Ohm-m, as shown in Fig. 2 . The variation of the surface impedance with frequency for this layered Earth conductivity model is shown in Fig. 3 .
Electric fields inside a long pipeline
In the above section, we have considered the generation of electric fields at the Earth's surface in the absence of a pipeline. Where there is a pipeline, reflections from the pipe modify the electric and magnetic fields in the surrounding soil and this also means that the electric field inside the pipe is not necessarily the same as the electric field away from the pipe. To determine the relationship between the electric field in the pipe steel and the incident electric field in the Earth, calculated in the previous section, a pipeline can be modelled as an infinitely long cylinder (ILC).
The mathematical basis for this model is given by Kaufman and Keller (1981) . The multilayered cylinder is aligned with the y-axis and is placed in the conducting Earth (layer 1). To apply this model to pipelines we use a cylinder with three layers: the outside insulating coating (layer 2), the pipe steel (layer 3), and the gas/oil inside the pipe (layer 4), each with its corresponding conductivity and permeability, as shown in Fig. 4 .
For an electromagnetic field with E parallel to the cylinder, the electric field in any layer satisfies the diffusion equation in cylindrical coordinates
where k is the propagation constant of the particular layer given by k = √ iωµσ . The electric field in any layer except the inner can be represented as the sum of incident and reflected parts. For the innermost layer, only the incident part exists. The electric field in the pipeline steel E p is given by
A pn I n (k p r) + R pn K n (k p r) cos nφ ,
where k p is the propagation constant in pipeline steel, I n (k p r), K n (k p r) are modified Bessel functions of the first and second kinds. In this equation the first term represents the incident wave coming in from the outer layer and the second term represents the wave reflected from the boundary with the inner layer. Corresponding expressions can be written for the other layers, i.e. the surrounding Earth, the pipe coating and the oil or gas in the pipe . In these expressions, the amplitudes A n and reflection coefficients R n for each layer can be found from the boundary conditions and are defined in terms of the amplitude of the electric field in the Earth, described in the previous section, as well as the conductivity σ and magnetic permeability µ of each layer. These boundary conditions are the conservation of the electric field at each boundary with known (zero) reflection coefficient for the innermost layer and known incident electric field at the outer boundary (Earth electric field).
For the present study we have set up an ILC model for the electromagnetic characteristics of the Norman Wells - Zama oil pipeline (Boteler and Trichtchenko, 2000 : vol 2, Appendix C). The diameter of the pipeline is 32.4 cm with 7 mm wall thickness. The pipeline steel has a conductivity of 5.5 · 10 6 S/m. The pipeline coating is 0.7 mm thick and is assumed to have a conductivity of 10 −6 S/m. For the oil inside the pipeline we use a conductivity value of 1.0 S/m, and for the soil, 0.02 S/m. The soil, the pipeline coating and the oil are assumed to have the free space value (4π · 10 −7 ) for the magnetic permeability and for the pipeline steel the relative magnetic permeability equals 180 (Weast, 1974) . Figure 5 shows the ratio between the electric field in the pipe steel and the electric field in the ground (in the absence of the pipe) as a function of frequency. This shows that the electric field is the same as the electric field in the ground for periods above approximately 10 s. At periods less than 10 s, the electric field in the pipe is increasingly attenuated as the frequency increases.
Modelling pipe-to-soil potentials
The one-dimensional (ILC) approach to the pipeline section, used in Sect. 3, is restricted to the calculations only with the electric fields in the uniform pipeline far from the discontinuities, such as bends, branches and ends of the pipeline network. The effect of electric fields induced in real pipelines or pipeline networks, including the discontinuities mentioned, can be modelled by distributed-source transmission line (DSTL) theory. This has been used extensively for AC induction in pipelines (Taflove and Dabkowski, 1979) and applied to geomagnetic induction in pipelines by Boteler and Seager (1998) . In the DSTL approach, each uniform section of the pipeline is represented by a transmission line circuit element with specific series impedance and a parallel admittance. The induced electric field is represented by voltage sources distributed along the transmission line ( Fig. 6) . The basic equations describing the voltage and current produced in any section of pipeline by an induced electric field E p are
where γ is the propagation constant along the pipeline, defined as γ = √ ZY , Y = G + iωC is the parallel admittance and Z = R + iωL is series impedance per unit length with G = conductance to ground, C = capacitance, R = resistance of pipeline steel, L = inductance. From the ILC model it follows that pipeline response at periods larger than 10 s is independent of frequency (Fig. 5) . For that reason, frequencydependent parts, such as capacitance C and inductance L, were not included in the modelling.
Equations (10) and (11) for the section of the pipeline with a uniform induced electric field have the solutions of the form (Boteler and Seager, 1998) The termination at the end of any pipeline section may be other sections of pipe, perhaps with different electrical properties, each experiencing the induced electric field. To model this we use Thevenin's theorem that the effect of any circuit can be represented by an equivalent circuit comprising a voltage source in a series with impedance. Calculations start from the last section of the pipeline using the known resistance to ground and the electric field in it. The values of the components of the Thevenin equivalent circuit can be consequently calculated by considering the open-circuit voltage and short-circuit impedance of each section, as shown by Boteler (1997) .
Circuit characteristics for the DSTL modelling of the Norman Wells -Zama pipeline (Fig. 7) are shown in Table 1 . These values were used with Eq. (12) to calculate the pipeto-soil potentials produced by northward and eastward electric fields (Fig. 8) . The results show the characteristic features that the largest pipe-to-soil potentials are produced at discontinuities in the pipeline, such as bends or the ends of the pipeline. Away from these peak values, the pipe-to-soil potentials have an exponential fall-off with distance characterized by adjustment distance 1/γ . The resistance to ground (terminating impedances) at the ends of the pipeline has a significant effect on the end pipe-to-soil potentials. To illustrate this, Fig. 8 shows the modelling results obtained for two limiting cases: with no ground connection and with a low resistance (0.1 Ohm) connection to ground. 
Modelling results
To give an example of the above calculations we present the results of modelling geomagnetic induction in the Norman Wells -Zama pipeline for 28 June 1998. On this date only, the magnetic data were available from the CANOPUS site at Fort Simpson near the pipeline route, and recordings were also being made of pipe-to-soil potentials. Figure 9 shows examples of the modelling process. The variations of the north magnetic field component B x = µ 0 H x, recorded at Fort Simpson are shown in Fig. 9a . A discrete Fourier transform the series of N data points of magnetic field horizontal components, H x,y (t k ), gives the amplitude spectrum of the 
The variations of the amplitude spectrum for the north component of magnetic field B x in frequency domain is shown in Fig. 9b . From the Fort Simpson daily magnetic data with a 5-s sampling interval, we obtain a frequency spectrum corresponding to periods of 10 s to 24 h. Multiplying the spectrum of the magnetic field components by the surface impedance (Sect. 2)
gives the spectra of the electric field at the ground, as shown for the E y component in Fig. 9d . An inverse discrete Fourier transform can then be used to define the electric field variations in the time domain (Fig. 9c ).
The ILC modelling shows that the effect of reflections from the pipe only starts to become significant at periods less than 10 s (see Fig. 5 ). Therefore, for the frequency range considered here, the modelling can be done using the simplification that the electric field inside the pipeline steel is the same as the electric field at the Earth's surface in the absence of the pipeline, i.e. 17) and the electric field spectrum (Y -component is shown in Fig. 9d ) can be used for the DSTL modelling with the resistive input values for the pipeline parameters.
To determine the frequency dependent pipe-to-soil potentials, the modelling results of Sect. 4 (Fig. 8) were combined with the electric field spectrum. In the present case, the pipeline DSTL model has only ohmic resistances, therefore, the frequency content of the modelled voltage variations only comes from the electric field. For a specified location on the pipeline l, Fig. 8 gives the pipeline voltage variations produced by the northward and eastward components of the electric field. These model voltage/electric field ratios, P x (l) and P y (l), are combined with the northward and eastward electric field spectra to give the spectrum of the voltage variations at the specified location V p (l, ω n ) = P x (l)E x (ω n ) + P y (l)E y (ω n ) .
An example for site 340, near Fort Simpson, is shown in Fig. 9f . An inverse discrete Fourier transform of the pipeline voltage spectrum V p (l, ω n ) is then used to obtain the pipeline voltage variations in the time domain (Fig. 9e )
Model calculations were made for four sites on the Norman Wells -Zama pipeline: one near each end and two sites about one-third of the way along the pipeline. The site numbers refer to the distance, in kilometers, from the northern Fig. 10 . Modelled pipe-to-soil potential for different sites on the Norman Wells -Zama pipeline for high terminating impedance. end of the pipeline. There is some uncertainty in the appropriate value to use for the terminating resistances at the ends of the pipeline, due to the presence of devices designed to reduce interference from neighboring installations. Therefore, we have made the model calculations for the two limiting cases of terminating resistances. The PSP variations (Fig. 10) , obtained from the model with a high (1000 Ohm) terminating resistance, show large, oppositely-directed, variations at the ends of the pipeline and small variations in the middle, as seen in earlier studies (Boteler and Seager, 1998) . Model results with a low (0.1 Ohm) terminating resistance give similar size PSP variations at the four sites (Fig. 11) . The two models give the same PSP variations in the middle of the pipeline (note the different scales in Figs. 10 and 11) , showing that they are not affected by the value of the terminating resistance, as can also be seen in Fig. 8 . In both sets of modelling results, the PSP variations at the sites (30, 330, 340) in the northern half are in phase with each other and out of phase with the PSP variations at the site (862) at the southern end of the pipeline. Fig. 11 . Modelled pipe-to-soil potential for different sites on the Norman Wells -Zama pipeline for low terminating impedance. Figure 12 shows recordings of the pipe-to-soil potentials made at the four sites. There is a clear similarity between the pattern of the observed and modelled PSP variations. The observed PSP variations are in phase at sites 30, 330, and 340 and out of phase at site 862. This is in agreement with the modelling results. The relative size of the PSP variations observed at the different sites is in good agreement with the "low terminating resistance" model results, but not with the "high terminating resistance" model results. However, the actual size of the observed PSP variations does not agree with either set of modelling results.
Comparison with observations
A further comparison of the model and observations was made by plotting the model PSP variations against the observed PSP variations and calculating the linear correlation coefficient (Fig. 13) . For sites 330 and 340, both models gave a correlation between the model results and observations of 80%. At site 862, the "low terminating resistance" model gave a correlation between model results and observations of 70%, with no correlation for the other model. At site 30, there was no correlation with either model. Sites 330 and 340, with the highest correlations, are the closest to Fort Simpson, while the sites at increasing distances from Fort Simpson have decreasing values of correlation coefficients. Unfortunately, there was only one day when pipeline measurements and Fort Simpson data were available simultaneously.
Magnetic field variation recordings were also available from Yellowknife magnetic observatory, 370 km from the pipeline route (Fig. 7) . Comparison of the Yellowknife and Fort Simpson magnetic recordings for 28 June shows that the correlation coefficient for the B x component was 0.83, but for the B y component, it was only 0.40 (no correlation). Comparisons of the electric field calculated for Yellowknife and Fort Simpson magnetic data gave correlation coefficients 0.54 for the Y -component and no correlation for the X-component. The decrease in correlation shows that the high-frequency part in the electric field increased in comparison with the magnetic field. There was no correlation between observed PSP and modelled with the Yellowknife data. 
Discussion
The model of geomagnetic induction in pipelines presented here gives reasonable results in the time domain appropriate for the comparison with real pipe-to-soil potential measurements. For sites in the middle of the pipeline, the model output and observations are in good agreement, except for a difference in amplitude (model output is 70% of the observations). Sites at the ends of the pipeline show less correlation. There are a number of features in the modelling that could account for these discrepancies. These are related to two sources: spatial differences in the electromagnetic field on the ground, and spatial differences in the electromagnetic characteristics of the pipeline.
The modelling uses Fort Simpson magnetic data and assumes that this is representative of the magnetic field variations over the whole length of the pipeline. The comparison between the Fort Simpson and Yellowknife magnetic recordings showed a greater correlation in the north-south component of the magnetic field, as would be expected from a predominantly east-west ionospheric current. However, there was a poor correlation for the east-west magnetic field component. The east-west magnetic field variations drive the north-south component of the electric field, which is a significant part of the electric field along the pipeline. Thus, we can expect a poor correlation between the electric fields at pipeline sites separated by distances of about 400 km (the distance between Fort Simpson and Yellowknife).
Spatial variations in the ground conductivity structure will also influence the electric fields along the pipeline route. Some parameters, such as the pipe dimensions and the steel conductivity, are accurately known and unchanging. Possible differences in the Earth's conductivity along different parts of the pipeline were not represented in the one-dimensional layered conductivity structure and will introduce errors in the amplitude of the calculated electric fields. Also, the Earth along the Norman Wells -Zama pipeline route has 2-and 3-dimensional variations in conductivity (Ferguson, private communication, 1999 ) that can produce localized changes in the electric field strength and direction not represented in the model.
Inaccuracies in the pipeline model would also contribute to disagreements between the model results and observations. Some parameters, such as the pipe dimensions and the steel conductivity are accurately known and unchanging. Other parameters are less well-known, for example, the pipeline coating may have a resistivity value less than the manufacturer's specifications, due to defects introduced during the pipeline construction. As the coating ages there is also a decrease in the resistivity, which would affect the pipe-to-soil potentials. This is illustrated in the design work done for the Maritimes pipelines (Rix and Boteler, 2001) .
The pipeline is connected to a refinery at the northern end and another pipeline at the southern end; in both cases there are insulating flanges, but these have degraded over time, thereby allowing some current leakage. Thus, there is considerable uncertainty in the appropriate value to use for the end resistance in the pipeline model. The cathodic protection system on the pipeline uses four main rectifier units plus several smaller units. In normal operation the rectifiers are used in "potential control" mode where they automatically adjust for telluric current fluctuations. For the recording period, the "potential control" was turned off on the main units. The potential control on the smaller units was left on and would have influenced the nearby pipe-to-soil potentials. This may be the reason for the poor correlation obtained at site 30. A test made by comparing only the PSP observations from different sites also shows decreasing correlation with increasing distance between sites ( Fig. 14) and indicates that, for the distances larger than 500 km, the assumptions about the plane magnetic field, one dimensional ground conductivity structure and uniform pipeline characteristics were not appropriate.
The DSTL model considered here contains only resistive elements and has a flat frequency response. An improvement would be the inclusion of reactive terms derived from the ILC modelling process. The accuracy of the ILC model is dependent on the input values used, such as the magnetic permeability of the steel and the soil conductivity. The sensitivity of the model to these parameters is examined in Trichtchenko and Boteler (2001) .
For the Norman Wells -Zama pipeline, the ILC response is flat over the range of frequencies with which we are concerned, but this may not be the case for a different pipeline or a different frequency range. Increased reactive terms in the DSTL model will generally reduce the size of the pipeto-soil potentials. Inclusion of reactive terms is, therefore, needed if the DSTL modelling is to give accurate results at higher frequencies.
Conclusions
We have demonstrated the process for modelling geomagnetic effects on pipelines, starting from observed magnetic field variations and including the effect of the Earth's conductivity structure, the reflections from the pipe steel and the pipeline characteristics. Good correlations are obtained between model results and pipeline observations for sites close to a magnetic recording site, but the correlation is poor at distant sites.
The length of the Norman Wells -Zama pipeline (868 km) is greater than the spatial scales of magnetic disturbances in the auroral zone, and more accurate modelling of the whole pipeline would require magnetic recordings from a number of sites along the pipeline route. Future modelling should also include an improved Earth model to determine how ground conductivity changes along the pipeline route affect the electric fields.
DSTL modelling provides a way of determining the pipeto-soil potentials produced by geoelectric fields. The accuracy of the results is dependent on the quality of the model inputs. The sensitivity of the model results to the end resistances shows the necessity of having detailed information about the electrical characteristics of the pipeline. If higher than 0.1 Hz frequencies are to be considered, then the reactive terms in the pipeline impedance, derived from the ILC modelling, need to be included. With such information, the modelling processes described in this paper could be useful in the design of cathodic protection systems.
